Two novel paramagnetic ionic liquids, comprised of 1-ethyl-2,3-dimethylimidazolium (Edimim) cation and tetrahaloferrate(III) (FeX4) (X = Cl and Br) anion were synthetized and characterized by thermal, structural, Raman spectroscopy and magnetic studies. The crystal structures, determined by synchrotron X-ray powder diffraction and single crystal X-Ray diffraction at 100 K for Edimim [FeCl4] and Edimim[FeBr4] respectively, are characterized by layers of cations (in non-planar configuration) and anions stacked upon one another in a threedimensional (3D) manner with several non-covalent interactions: halide-halide, hydrogen bond and anion-π.
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Introduction
Paramagnetic ionic liquids are molten salts formed entirely of ions which have a melting point below 100 ºC. 1 They have received considerable attention among ionic liquids (ILs), 2 fuelled by the possibility of tuning the materials properties by means of external magnetic fields 3 or using them in the liquid state to produce nanoparticle-free magnetic emulsions and microemulsions. 4 Moreover, they can combine magnetic 5 and ILs properties with additional intrinsic thermochromic, 6 magneto-electrochromic 7 or luminescent 8 properties depending on the enclosed paramagnetic ion used. Thus, reports on the synthesis, study and application of these smart materials has proliferated. The first compounds developed since their discovery by the group of Hayashi, 9 contained a metal anion (such as iron, 10, 11 copper, 12 manganese 13 ) and an organic cation, typically imidazolium, pyrrolidinium, pyridinium 14 or tetraalkylphosphonium. 15 Currently, the combinations of different rareearth (europium, 16 neodymium, 17 dysprosium, 5 etc.) chiral amionacids, 18 dicationic ions 19 tricationic ions 20 or heteroanions 21 , etc. have been studied for applications transport and separation of materials 22 , separation of greenhouse gases (CO2) through supported magnetic ionic liquids membranes, 23 magnetic surfactants 24 , extraction of DNA 25 or esterification of oleic acid to biodiesel. 26 ILs based on imidazolium cation have also recently received attention for the experimental 27, 28 and theoretical 29 study of non-covalent interactions and cohesion properties. 30, 31 Convincing results indicate that the structural organization in the solid state can be extensible to the liquid phase and is apparently maintained to the gas phase 32, 33 . Many groups have focused their studies on the dipole-dipole, and hydrogen bonds within the crystal and molecular structures of these ILs 34 in order to improve the understanding of these forces, aim at a fine tailoring of their technological applications. Importantly, in ILs based on imidazolium cation with paramagnetic anions, such as the presented compounds, it is also necessary to investigate other non-bonding interactions, like halogen-halogen 35 (between the nearest metal complex anions) or anion-π 36 (between the anion and cation) as these interactions play an important role in the organization of their structural units. In addition, if these nonbonding contacts are strong, interesting collective electrical and magnetic phenomena can arise, such as ferroelectricity in the bis(imidazolium) pentachloroantimonate (III), (C3N2H5)2SbCl5, or a three-dimensional (3D) magnetic ordering in ILs based on tetrahaloferrate ions. 37, 38 Moreover, changing the external conditions, such as pressure, shows an influence in the magnetic coupling, such as in Emim[FeCl4], which vary from antiferromagnetic (AF) to ferrimagnetic ordering. 39 The learning of magneto-structural correlations in ILs based on tetrahaloferrate anion and imidazolium cation need a comprehensive understanding through a systematic investigation of a wide variety of compounds by changing the cationic and anionic structures. To accomplish this objective, we set out to study the family of ILs based on the tetrahaloferrate ion and 1,3-dimethylimidazolium cation. Our results reveal that (i) halogen-halogen interactions are the main force inducing the 3D magnetic ordering in the solid state of this type of ILs 40 (ii) the spin population in the metal complex anion together with the distances and angles between the superexchange pathways [Fe-X---X-Fe (X = halide)] play a decisive role in attaining the 3D magnetic ordering 40 and (iii) a less electronegative halide ion rises the efficiency of the magnetic couplings. 41 Interestingly, it has also been shown that changes in the alkyl chain length of imidazolium cation cause variations in other physicochemical properties, including viscosity, density, conductivity, and melting point. 42 43 Herein, we want to explore the effects on the thermal and magnetic properties of the methylation at C(2) position
[N-C-N site] onto imidazolium cation, with different metal complex cations. We report on the synthesis, thermal, Raman and magnetic properties of two novel paramagnetic ionic liquids, namely 1-ethyl-2,3-dimethylimidazolium tetrachloroferrate, Edimim[FeCl4], and 1-ethyl-2,3-dimethylimidazolium tetrabromoferrate, Edimim[FeBr4], together with the single crystal structure data with regard to obtaining the magneto-structural relationship. applied field. Magnetization as a function of field (H) was measured using the same magnetometer in the -85 ≤ H/kOe ≤ 85 range at 2 and 15 K after cooling the sample in zero field. Heat capacity has been measured using the same magnetometer between 2 and 300 K at several magnetic fields, from 0 to 85 kOe, with a standard relaxation method using a two-tau model. In order to guarantee a good thermal contact, apiezon N grease was used to glue the sample to the sample-holder. The addenda (sample-holder plus grease) was measured at different magnetic fields before the sample measurements and then subtracted from the total heat capacity in order to get the sample heat capacity. The sample was a 5 mg plate obtained compressing the original thin powder.
Structural characterization: Synchrotron powder X-ray diffraction: Data of Edimim[FeCl4] at 100K were collected at the MSPD beamline (BL04) of ALBA Synchrotron using the microstrip MYTHEN-II detector (six modules, 1280 channels/module, 50 µm/channel, sample-to-detector distance 550mm) with an energy of 20KeV
(refined wavelength of 0.6193 Å). The specimen was introduced into a 0.7 mm glass capillary and an Oxford cryostream 700 series was used to cool down the sample. The pattern was collected from 1.1 to 43º (2θ) with a total acquisition time of 60 seconds. The diffraction pattern was indexed using DICVOL04 44 and the intensities extracted with DAjust software 45 were introduced in the direct-space solution program TALP 46 to solve the crystal structure. The crystal structure was refined with the restrained Rietveld refinement program RIBOLS using distance restraints taken from Mogul. 47 Hydrogen atoms were placed in calculated positions and constrained to the corresponding C atoms in the final set of refinement cycles.
X Ray Single-Crystal Diffraction:
Single crystals of Edimim[FeBr4] were grown from the slow cooling of the microcrystalline powder in a vacuum sealed glass ampoule at 370 K in a 30 cm vertical Bridgman furnace ascending at a speed of 0.03 mm/min. The structure was determined by single crystal X-ray diffraction at 100 K.
Data were collected using Mo Kα radiation (0.71073 Å) using a Bruker Apex 2 CCD diffractometer fitted with a Triumph monochromator. A single crystal of the compound, with approximate dimensions 0.06 mm × 0.06 mm × 0.10 mm was mounted on a glass fiber using silicon oil and cooled using a Cryostream cooler. Data were corrected for absorption using the multi-scan approach with the program SADABS 48 , with minimum and maximum transmission coefficients of 0.3963 and 0.7457, respectively. Structure solution was carried out by Patterson methods using SHELXS-97 and the structure refined using SHELX-97 49 . Disorder in the imidazolium cation was modelled using two parts (refined part ratio of 0.56(1):0.44(1)), with atoms C1', C1'' and C2'' common to both parts. H-atoms were refined separately for both parts in their geometrical positions using an atom-riding model. Anisotropic thermal parameters were refined for all non-hydrogen atoms, with those within the disordered imidazolium ring restrained to be similar to neighboring atoms. The final anisotropic full-matrix least-squares refinement on F2 with 146 variables and 72 restraints converged at R1 = 6.18%, for the observed data and wR2 = 15.63% for all data. The goodness-of-fit was 1.053. The largest peak and hole in the final difference electron density synthesis were 1.306 and -1.174 electrons/Å 3 , respectively, with an RMS deviation of 0.237 electrons/Å 3 .
On the basis of the final model, the calculated density was 2.333 g cm -3 , with F(000) = 470 electrons. Structure diagrams were generated within the Bruker Apex 2 suite of programs Fig. 1 ).
Results and Discussion

Fig. 1
The crystal structure of Edimim[FeCl4] at 100 K was solved from synchrotron X-ray powder diffraction data using the direct-space method TALP 46 and refined with the restrained Rietveld refinement program RIBOLS using distance restraints taken from Mogul 47 . Hydrogen atoms were placed in calculated positions and constrained to the corresponding C atoms in the final set of refinement cycles. The experimental, calculated and difference powder profiles are displayed in Fig. S1 . For Edimim[FeBr4], the crystal structure was determined by single crystal X-Ray diffraction at 100 K. Atomic coordinates, interatomic distances and thermal parameters for both compounds are listed in the Supporting Information as well as the corresponding CIF files. Crystallographic data and structure refinement details are presented in Table 1 . The most relevant intermolecular distances are displayed in Table 2 and 3. to 4.053(6) Å for Cl and Br, respectively]. These interactions must be taken into consideration even though they are longer than the sum of the vdw-radii (< 3.7 and 3.9 Å, respectively), since they are responsible for establishing of the 3D magnetic ordering (see the magnetic results below). The FeFe distances are too long to consider direct magnetic interaction between metal atoms. They are in agreement with previous studies about the most frequent stacking distance of two metal complex anion in other paramagnetic ILs based on halometallates. 40 (6) and θ = 100.43 (16) º] is smaller than the most common value considered to indicate anion-π interaction (≤ 3.65 Å and θ = 90 ± 10º). 55 respectively [see Fig. 5 and Table 2 and 3], representative of weak anion-π interactions 56 The Raman bands observed between 390 and 3200 cm −1 ( Fig. 6 and Table 4 40 which have been previously reported for other members of the imidazoliumbased paramagnetic ILs. We attribute the Raman peak located at 394 cm -1 to the gauche non-planar geometry of the conformers 53, 59 given the conformational equilibrium of the Emim + cation across the CH2−N bending mode of the ethyl chain [(trans−gauche) (planar−non-planar)]. This peak is also observed in the bromide compound at 303 cm -1 . The absence of a Raman signal between 430 and 450 cm −1 (where the vibrational frequencies of the trans planar geometry typically appear) rules out the presence of this conformer. The ring in-plane symmetric stretching and bending modes 60 (see Table 4 ) are found in the 500−1600 cm −1 range. Finally, the most intense peaks between 2700 and 3200 cm −1 (see right-inset of Fig. 6 and Table 4 ) correspond to the terminal CH3, the ring CH3 and the ethyl chains (symmetric and asymmetric H−C−H stretch) and the other, weaker ones (some of which overlap), to a ring N−C(H)−N (C−H stretch) modes, and a mixture of a ring HC=CH symmetric stretch and a ring in-plane symmetric stretch modes. 39, 60 Variable temperature magnetic susceptibility measurements of the presented compounds were carried out on powdered samples in the 2−300 K temperature range. The temperature dependence of the molar magnetic, χm, and the reciprocal, χm -1 , susceptibilities measured under 1 kOe are represented in Fig. 7 . The linear behavior of ions. In addition, the results confirm that a less electronegative halide ion in the metal complex cation rises the efficiency of the magnetic couplings. [41] Fig. 7
In the low temperatures regime, χm increases and reaches a maximum at 2.9 K and 9 K for Edimim[FeCl4] and Edimim[FeBr4], respectively, (see the insets of Fig. 7 ) denoting the existence of long-range magnetic order, with a gradual decrease in the susceptibility of ca. 15%, which is usual for non-oriented antiferromagnets. Fig. 10 ). This anomaly reveals a second-order transition and it can be related to the establishment of 3D antiferromagnetic order. The heat capacity measurements in the presence of an applied magnetic field show that the maxima get smaller and shift toward lower temperatures as the field increases. In addition, the magnetic peak of the bromide compound does not disappear for fields larger than 80 kOe, corroborating the presence of the stronger magnetocrystalline anisotropy, as detected in the magnetic susceptibility data.
Fig. 10
Cp increases continuously above the magnetic peak and below 280 K in both compounds due to the phonon contribution. The curves show an inflexion point for T > 280 K, associated with the beginning of the solid-solid transition detected in the calorimetric measurements, (see Fig. 1 ) near RT. Interestingly, the value at 280 K (≈ 330 J/molK) it is still far from the value derived from the Dulong-Petit law (Cp=675 J/molK at RT) due to the presence of a high number of hydrogen atoms within the imidazolium cation, displaying high excitation energies. 62, 63 The magnetic contribution to the heat capacity (Cmag) of both phases was determined by subtracting the phonon contribution (Cpho) up to 270 K, considering a Debye model 64 with the existence of three Debye temperatures (θ) 41 . The highest temperature (θ1) relates to the n1 lighter atoms (hydrogen atoms), θ2 and n2 corresponds to the medium-weight atoms (C and N), and θ3 and n3 to heavier atoms (Fe, Cl or Br); with n1+ n2+ n3=N being N the number of the atoms in the unit cell. The thermal variation of Cmag is presented in the lower insets of Fig. 10 . The best fit for the experimental data of Edimim[FeCl4] at temperatures higher than 15 K yields θ1=1840 K, θ2=315 K, θ3=99 K, n1= 17.7, n2=5.7 and n3=3.6; similar parameters that was obtained for Edimim [FeBr4] . We should pointing out that although it is a simplified model, it allow to estimate reasonable well the non-magnetic contribution in the low temperature region (T < 20 K) (see low insets of Fig 10) . As can be see, Cmag
progressively increases for Edimim[FeBr4] as the temperature becomes smaller until it reaches the maximum at the onset of the 3D magnetic ordering. Moreover, in Edimim[FeCl4], a shoulder around 10 K suggests lowdimensional ordering 65 or short-range magnetic ordering 66 , prior to the establishment of the 3D magnetic ordering. The integral of Cmag/T with respect to the temperature, provides the magnetic entropy (see Fig. S4 ). Table 2 ]. For bromide compound, the iron-iron distances are 6.957 and 7.232 (in plane) and 8.667 Å (along b), respectively [see Fig S2 (b) and Table 3 ].Therefore, the 3D antiferromagnetic ordering detected by magnetic measurements must take place via super-exchange coupling, the Fe−XX−Fe (X = Cl and Br) interaction being the main exchange pathway. In addition, the interactions distances between halide and imidazolium ( Fig. 5 ) along the b direction promote a weak orbital coupling between Fe +3 ions. Thus, indirect exchange coupling of the type Fe-XImX-Fe, which should be weakest due to the involvement of an imidazolium donor cation (defined as S= ½) 67 inside the magnetic exchange-pathway could be present in these compounds. Moreover, it would seem reasonable to suggest that if the crystal structure of both compounds at 100 K is maintained below TN, three direct superexchange pathways are detected: i) one magnetic J interplanar interaction (J1 or J⊥), which gives rise to zig-zag chains forming a ladder structure that runs parallel to the b direction ii) two intraplane couplings, J2 and J3 (J║), which link the iron atoms in linear ferromagnetic chains in the ac plane ( Table 5 ). Despite the fact that XX distances are slightly longer than the sum of the vdw-radii of two halure atoms (see Fig. 3 ), the data show a remarkable agreement with the contact distances reported in other paramagnetic ILs [44] and metal-organic materials 35, 68 with 3D magnetic ordering that show this type of magnetic coupling. In addition, a decrease of these distances is expected below TN, due to thermal effects, and hence we cannot rule out indirect superexchange anion-anion interactions (Fe-XImX-Fe) 41 . This mechanism has been proposed for the DImimFeBr4, where the magnetic structure was determined. Table 5 The strength of the magnetic exchange pathways inside both compounds can be discussed and compared observing the following paramenters: (i) XX distance, (ii) Fe−XX−Fe angles and (iii) the Fe−XX−Fe torsion angle (τ) ( The exchange couplings between the Fe 3+ ions can also be quantitatively analyzed from the macroscopic experimental parameters. The best model to describe the magnetic susceptibility data includes a combination of a modified expression of the classical spin ladder-like chain (1D) for interplanar interactions together with a mean-field term with spin 5/2, to account for the intraplanar ones (2D). 69
where the linear chain model for the interplanar exchange interaction is given by a modified 70 . In addition, the magnetic susceptibility for the 2D AF framework, ߯ ∥ for S=5/2 is given by the Rushbrook and Wood expression 72
where ‫ݔ‬ = ‫ܬ−‬ ∥ /݇ܶ, with ‫ܬ‬ ∥ positive for AF coupling.
The least-squares fit of the experimental data from 2 to 300 K [solid line in Fig. 11 ], yields g=2.00 and 2.006, ‫ܬ‬ ୄ = -0.050 and -0.195 K and ‫ܬ‬ ∥ =0.033 and 0.145 K. The proposed approach can be valuable in the absence of a more realistic mode even though the quantitative analysis of the exchange couplings should consider the Fe-XImX-Fe exchange magnetic coupling. The estimated exchange parameters show that the Fe-XX-Fe interactions along the b axis are the strongest. In addition, the least-squares fit of the experimental data yields weaker magnetic exchange coupling for the chloride compound, which confirms the macroscopic magnetic data.
Fig. 11
Finally, it was supposed the bigger the imidazolium ion size on paramagnetic ionic liquids based on tetrahaloferrate ions, the weaker superexchange magnetic pathways, due to a larger distances between the iron- 
Conclusion
Two novel 3D magnetic correlated ILs based on imidazolium cation and tetrahaloferrate anion, namely We present two novel paramagnetic ionic liquids, comprised of 1-ethyl-2,3-dimethylimidazolium (Edimim) cation and tetrahaloferrate (III) (FeX4) (X = Cl and Br) anion which display a three-dimensional magnetic ordering below 10 K. An exhaustive and systematic study of the magnetostructural correlations, involving non-bonding interactions, have been performed. 26 (1) 43 (1) 47 (1) 0(1) 7(1) -8(1) Br (2) 36(1) 42 (1) 33 (1) 4(1) 0(1) 3(1) Br (3) 33(1) 30 (1) 39 (1) 6(1) 5(1) -6(1) Br (4) 38(1) 38 (1) 48 (1) -11(1) 6(1) 11(1) Fe(1) 26 (1) 24 (1) 32(1) 2(1) 4(1) 1(1) C(1A) 49(10) 82(16) 30(12) 12(10) 5(9) -7(10) C(5A) 27(7) 33(9) 25(9) 5(7) 10(6) -2(6) C(6A) 43 (10) 130 (20) 62 (17) 
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